ABSTRACT The ability of indole derivatives to facilitate RNA polymerase transcription of the L-arabinose operon in Escherichia coli was shown to require the catabolite activator protein (CAP) as well as the araC gene product. Adenosine 3',5'-monophosphate (cAMP) was not obligatory for araBAD transcription when the cells were grown in the presence of 1 mM indole-3-acetic acid or in the presence of indole-3-acetamide, indole-3-propionic acid, indole-3-butyric acid, or 5-hydroxyindole-3-acetic acid. However, these indole derivatives were unable to circumvent the cAMP requirement for the induction of the lactose and the maltose operons. Catabolite repression occurred when glucose was added to cells grown in the presence of L-arabinose and 1 mM indoleacetic acid or 1 mM cAMP. This effect was reversed at higher concentrations of indoleacetic acid or cAMP. The induction and the catabolite repression phenomena were quantitated by measuring the differential rate of synthesis of L-arabinose isomerase (the araA gene product). These results indicated that indole metabolites from various living systems may regulate gene expression and may be involved in "metabolite gene regulation."
The induction of the L-arabinose regulon-araBAD, araE, and araF-in Escherichia coli requires the protein product (P2) of the araC gene, the catabolite activator protein (CAP), and adenosine 3',5'-monophosphate (cAMP) (1) (2) (3) (4) (5) (6) (7) (8) . Hence, mutants with an inactive product for the crp gene (the gene coding for CAP), the araC gene, or the cya gene (the gene coding for adenylate cyclase) are unable to utilize L-arabinose as a carbon source.
The existence of araCl mutants that can circumvent the requirement for cAMP in the induction of the L-arabinose operon (2) and the complexity of various regulatory interlocks (9) (10) (11) led to the idea that low molecular weight metabolites other than the ubiquitous cAMP and guanosine 3',5'-monophosphate might function at the genetic level in cell regulation. Recently, we demonstrated with cya deletion strains of E. coli (12) that specific concentrations of imidazoleacetic acid, a compound structurally related to the amino acid histidine, could circumvent the necessity for cAMP in the induction of the araBAD structural genes. In addition, preliminary evidence indicated that a metabolite of tryptophan, indole-3-acetic acid (IAA), could function in the "metabolite gene regulation" of eukaryotic cells and various genera of bacteria. * In this paper we have investigated the ability of tryptophan and its naturally occurring metabolites IAA, 5-hydroxyindole-3-acetic acid (5-OH-IAA), indole-S-propionic acid (IPA), indole-3-butyric acid (IBA), indole-S-acetamide (IAM), indole-3-ethanol, indole-3-acetaldehyde, 5-hydroxytryptamine, and other indole derivatives to initiate transcription of the LThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 1768 arabinose structural genes. The kinetics of induction and catabolite repression of the araBAD operon in the presence of IAA have also been examined.
MATERIALS AND METHODS Chemicals. All chemicals used were purchased from Sigma except for sulfuric acid, carbazole, and reagent salts, which were purchased from Fisher.
Bacterial Strains. The origins and genotypes of E. coli strains employed in this study are given in Table 1 . The L-arabinose operon from E. coli B/r was placed into the E. coli K-12 genetic background by phage P1 cotransduction with pdxA.
Growth Media. The various minimal and complex media used have been described (1) .
Transductions. P1 transduction experiments were performed by the method of Gross and Englesberg (7) .
Mutagenesis Screen. Indole and its derivatives were screened for their mutagenic potential according to the method Ames et al. (14) , using the Salmonella typhimurium strains TA98, TA1538, and TA100 and mutagens described in ref. 14 (12) , measurement of the differential rate of enzyme expression (15) , and the L-arabinose isomerase assay (12) (1) molecule that could circumvent the cAMP necessity in the induction of the L-arabinose, the maltose, or the lactose operon, respectively. The ability of several indole derivatives to circumvent the cAMP necessity in the induction of the araBAD operon is demonstrated in Table  2 . As indicated, IAA, 5-OH-IAA, IPA, IBA, and IAM were effective in promoting expression of the L-arabinose structural genes. The necessity for CAP and the product of the araC gene (P2) for induction by these indole derivatives was demonstrated by the inability of any of these compounds to stimulate Larabinose utilization in a cya-2A strain carrying an araC gene lesion (KC15) or a cya-strain carrying a crp lesion (EB1078). When any one of the indole derivatives was added to EB1078 (cya-4, crp ) in the presence of cAMP, no growth was observed ( Table 2 ), suggesting that induction by these compounds was dependent on CAP even in the presence of cAMP. These observations indicated that these metabolites could act at the level of transcription.
Although the indole derivatives could circumvent the necessity for cAMP in the initiation of transcription of the Larabinose system, they were unable to function effectively in the induction of the lactose or the maltose systems (Table 3) . They were also unable to derepress the leucine biosynthetic operon and thus could not produce an L-arabinose-positive response in strain KC10, a strain with an ara-leu fusion that places the araBAD genes under leucine control (9) .
Inability of Indoles To Serve as Carbon Sources. The inability of indole derivatives used in this study to serve as a carbon source was demonstrated by the lack of growth of KC14, KC8, or KC10 on minimal medium supplemented with any one of these compounds.
Mutagenicity. The possibility of indole and indole derivatives being mutagenic was examined by the Ames test (14) , using methyl methanesulfonate, 9-aminoacridine, and 2-aminofluorene as control mutagens. Indole and its derivatives proved unable to revert frameshift or point mutations in Salmonella, indicating they have no mutagenic activity.
Growth Kinetics in the Presence of IAA. Exogenous IAA at a concentration of 1 mM could promote maximal growth of KC13 (cya-2A) in liquid cultures containing L-arabinose as the sole carbon source (Fig. 1A) . These results substantiated the metabolism. In prokaryotes, the compound cAMP also plays a role in the induction of certain catabolite-repressible operons such as L-arabinose, lactose, galactose, and maltose (22) (23) (24) . In all the latter systems, cAMP is proposed to interact with a protein molecule, CAP, to function in gene regulation. The Larabinose system requires an additional factor, the araC gene product (P2), to initiate transcription.
Several indole derivatives were observed in this study to circumvent the necessity for cAMP in eliciting gene expression in the L-arabinose system of E. coli. In addition, glucose was observed to catabolite repress the araBAD operon in KC13 when either cAMP or IAA was present. This effect could be reversed if higher concentrations of cAMP (17) or IAA were present (Table 4) . Both CAP and the araC gene product were required for these molecules to function as positive effectors.
The L-arabinose, the maltose, and the lactose operons all require cAMP-CAP for induction. However, the indole derivatives that were found to circumvent the necessity for cAMP in eliciting gene expression in the L-arabinose operon were unable to do so in the lactose and the maltose operons. This selective expression would suggest that there are differences between the L-arabinose transcription initiation site and the sites in the lactose and maltose operons. Indeed, it has been shown by DNA nucleotide sequence analysis that there are regions of dissimilarity at the promotor locus in the L-arabinose operon (25) and the lactose operon (26) . This observation is further supported by the additional requirement of the araC gene product for L-arabinose induction (6) .
The compounds IAA, IPA, IBA, and IAM are all known to (27) (28) (29) (30) (31) (32) . IAA has also been shown to affect enzyme expression in eukaryotic cells and to increase the production of various enzymes in eukaryotic and prokaryotic systems.* It has been reported (33) that IPA can function at the genetic level in E. coli by derepressing the trp operon. Thus, at least one indole metabolite (IPA) used in this study can function in the regulation of both positively and negatively controlled operons in E. coli. IBA has been found to affect cell growth in rats (34) , to have a hypoglycemic effect in rats (35) , and to promote and accelerate root formation of plant clippings (36) . IAM also functions as a plant hormone (32) .
In many animal and plant species, 5-OH-IAA is a natural metabolite of 5-hydroxytryptamine (serotonin) (37) . Although 5-OH-IAA itself has not previously been reported to have any regulatory role, 5-hydroxytryptamine is a neutrotransmitter (37) , has been implicated in behavioral phenotypes (38) (39) (40) (41) (42) (43) (44) , and is a precursor of the hormone melatonin (45) . The aldehyde derived from this amine is also considered to have biological activity (46) (47) (48) (49) .
Comparisons of the structures of the indole derivatives that induced the L-arabinose operon with those that are inoperative in the system indicated that a 2-to 4-carbon alkyl side chain was required for activity. The parent compound, indole, could not initiate transcription of araBAD. Four out of five of the effective compounds had alkyl carboxylic acid chains attached to the indole ring structure. An amino group on the propionic acid side chain (tryptophan, 5-hydroxytryptophan) resulted in a molecule that was inactive. The amide of tryptophan was also ineffective in araBAD induction. A hydroxyl group at the 5 position of the ring of IAA (5-OH-IAA) had no apparent effect on the ability of the compound to induce. However, a hydroxyl group on the alkyl side chain (indole-3-ethanol) made the molecule inactive in the inductive process. Although IAA was a positive effector, the reduction product (indole-3-acetaldehyde) was not functional in this capacity. The neutral amide of indoleacetic acid (IAM) was functional but the indole-3-acetic acid ethyl ester was inactive. The decarboxylated amino acids (tryptamine and 5-hydroxytryptamine) were unable to induce the L-arabinose operon. An indole ring with nitrite at the 3 position was also unable to elicit L-arabinose utilization. Thus, it appears that indole with short (2-to 4-carbon) alkyl carboxylic acid side chains (or neutral amide derivatives of these acids) have potential as cAMP substitutes in the induction of the L-arabinose operon in E. coli.
IAA or cAMP at an exogenous concentration of 1 mM had no apparent effect on the growth rate or the differential rate and extent of induction of the araBAD operon in the cya + background. However, in KC13 (cya-2,A) the growth rate and rate and extent of induction of the araBAD operon was less in the presence of exogenous 1 mM IAA than in the presence of exogenous 1 mM cAMP. It is possible that IAA was not transported into the cell as well as cAMP.
Glucose elicited catabolite repression in KC13 growing on From studies in our laboratory in both prokaryotic and eukaryotic cells, it is becoming increasingly evident that naturally occurring metabolites other than cAMP can function at the genetic level to control cell activity, a concept that we have named "metabolite gene regulation" (12) . Why indole and imidazole derivatives (12) can circumvent cAMP necessity in the induction of the L-arabinose operon is not completely understood. With regard to possible interactions of small molecules with nucleic acids, it is of interest that Hendry and coworkers have demonstrated with molecular models that histidine, tryphophan, and IAA as well as cAMP (refs. 50-52; L. B. Hendry, personal communication) can intercalate into double-stranded sequences of RNA and DNA and stress hydrogen bonding. It has been reported that polyhydroxylic compounds affect transcription, presumably by disrupting hydrogen bonding in the DNA molecule (51, 52) . This disruption of hydrogen bonding may be a way in which a selective region on the DNA is enhanced for recognition by RNA polymerase.
Because the sequence of molecular events in the interaction of cAMP or the cAMP-CAP complex with the DNA is not completely resolved, one can only speculate about the nature of these interactions. For instance, one might envision cAMP (or IAA) bound to an exposed rather than a buried region of CAP, still allowing intercalation of the cAMP Although we favor the interpretation that IAA in these studies is functioning in a manner similar to cAMP, these data do not rule out the possibility that IAA is affecting synthesis or activation of some other component that, in turn, induces the Larabinose operon.
The observations presented in this study illustrate the complexities of cell regulation and the need for multifaceted approaches in the investigation of cellular metabolism in order to comprehend the metabolic state of different types of cells and possible mechanisms of cellular differentiation.
